Introduction
============

Eleven years have passed since stent graft endovascular aneurysm repair (EVAR) was introduced in Japan in 2007, when it quickly gained popularity. As of 2015, 51,380 cases were registered with the Japanese Committee for Stentgraft Management (JACSM) registry, which was simultaneously established with the introduction of EVAR, and the outcomes of these cases have been analyzed.^[@R1])^ In this registry, 7 factors were established for the outside-instruction for use (IFU) cases, and it was determined that 47.6% of cases are now outside IFU.^[@R1])^ While this comprehensive analysis of big data may have inadvertently included some IFU cases depending on the type of the device, the proportion of outside IFU cases still exceeds expectations even if such cases were excluded. The reported operative mortality rate of 1.15%^[@R1])^ was not inferior to past large-scale studies based on IFU cases.^[@R2]--[@R4])^ According to the annual report of the number of vascular surgeries registered at the National Clinical Database, as verified by the Japanese Society for Vascular Surgery database Management Committee, EVAR exceeded open surgical repair (OSR) in 2013 (http://www.jsvs.org/ja/), and has now truly become a standard treatment for abdominal aortic aneurysm (AAA). This report aims to outline recent technological advances in EVAR, summarize long-term results, and highlight issues for improvement together with a discussion of cases treated at our institution.

Recent Technological Advances in EVAR
=====================================

Hostile neck resolution and treatment outcomes
----------------------------------------------

To successfully treat cases of outside IFU in the proximal neck, termed "hostile neck," type Ia endoleaks (EL) must be reliably controlled. If this is not achieved, reintervention may become more difficult along with the increased risk of occurrence of rupture. Cases of short neck must undergo treatment for accurate placement of the edge of the graft fabric of stent graft directly under the renal artery. One technique is the Endowedge technique, which uses the Excluder (W.L. Gore and Associates, Flagstaff, AZ, USA).^[@R5])^ For the Endurant (Medtronic, Santa Rosa, CA, USA), techniques include alternate, slow deployment of the main body and suprarenal stent, and the reverse slider technique.^[@R6])^ For angulated necks, the Excluder scrum technique^[@R5])^ and the Endurant push-up technique^[@R7])^ are both known to be useful. However, planning is crucial in the implementation of such technical adjustments. As the stent graft is not necessarily placed axially in the aorta, particularly in cases involving severe angulation, it is important that the treatment plan predicts the morphology of the actual placement. Of the various types of hostile neck, short neck in particular is the greatest risk factor for type Ia EL. The incidence in standard EVAR ranges from 5% to 10%.^[@R8],[@R9])^ Oliveira-Pinto et al.^[@R10])^ gathered 13 observational studies related to outside IFU cases and compared the long-term outcomes of these studies with those of 4 randomized controlled trials (RCTs) of IFU cases (EVAR-1, DREAM, OVER, ACE). They found that the rate of type Ia EL occurrence was equivalent between inside IFU and outside IFU with angulated or thrombus load neck. However, short neck was the factor to increase type Ia EL. In the ENGAGE registry, the largest EVAR registry for single devices, the only anatomical factor for type Ia EL is a short neck \<10 mm.^[@R8])^ Accordingly, in Western countries, fenestrated EVAR, branched EVAR, and chimney EVAR (chEVAR) are performed for cases of short neck, with some multicenter joint studies and systematic reviews investigating this topic.^[@R11]--[@R13])^ Thirteen facilities from Europe and the US participated in the PERICLES registry, the largest registry for chEVAR in the world with 517 registered cases. Favorable outcomes have been reported for these cases, with type Ia EL arising in 2.9% of cases over a mean follow-up period of 17.1 months.^[@R12])^ In our institution, for cases of short neck with risk of type Ia EL with just standard EVAR, complete use of the short neck below the renal artery is ensured by the chimney technique. The stent graft is placed at a more proximal level of the renal artery and blood flow is ensure with a bare-metal stent ([**Fig. 1**](#figure1){ref-type="fig"}).^[@R6])^ Results were found to be identical for both IFU and outside IFU proximal neck cases, including chimney cases, with occurrence of type Ia EL at 0.8% (3/389 cases) and 1.0% (2/207 cases) and the reintervention avoidance rate at 99.2% and 98.5% at 1 year and 98.4% and 98.5% at 3 years. As the long-term outcomes remain unknown, EVAR should only be considered as a treatment option for cases considered unsuitable for open repair. However, the addition of technical adjustments for cases of hostile neck has made it possible to perform EVAR on more patients. Previously, surgery was avoided for high-risk cases considered unsuitable for surgery. Recent advances have now made it possible to provide minimally-invasive treatment for such cases.

![Fig. 1 Hostile neck case (short and angulated neck).](avd-12-1-ra.18-00163-figure01){#figure1}

EVAR for poor-access routes
---------------------------

Cases presenting with femoral and iliac artery stenosis and occlusion or severe angulation are considered cases of outside IFU. We have previously treated one case for which treatment was discontinued owing to poor access when EVAR was first introduced. As devices have technically improved and we have gained experience in performing these endovascular treatments, EVAR is no longer avoided because of poor access. While techniques such as guidewire replacement, balloon pre-dilatation, and pull-through technique can be effective, they do not provide consistent outcomes. Therefore, the treatment method must be carefully considered for each individual patient. We have empirically determined that for cases for which access is predicted to be poor, it is effective to expose at least the common femoral artery (CFA) and guide the external iliac artery (EIA) to some extent. Naturally, if the access route is damaged, rescue by means of instant bleeding control and endovascular treatment must be performed after sufficient preparation. In some cases, it may be better to change the treatment plan to an aorto-uni-iliac (AUI) stent graft.

In terms of recent advances, we will describe AAA complicated by iliac artery occlusion, a classic type of poor-access route. When iliac artery chronic total occlusion (CTO) occurs, options include an AUI stent graft or hybrid surgery, in which feasibility of adding a femoral--femoral (F--F) artery bypass to an AUI stent graft is determined by the state of collateral blood flow from the internal iliac artery or lumbar artery. A bifurcated stent graft can be used as a means of anatomical revascularization similar to OSR. Vallabhaneni et al.^[@R14])^ reported that bifurcated stent graft treatment was successful for 13 (92.9%) out of 14 cases of AAA complicated by iliac artery occlusion (occlusion length: 79.2±45.2 mm), and patency was achieved for all cases (mean follow-up period: 28.2 months). At our institution, the first treatment option is a bifurcated stent graft with anatomical revascularization ([**Fig. 2**](#figure2){ref-type="fig"}). With this technique, the site of arterial occlusion is recanalized and as a rule, a 12-Fr sheath is inserted without dilatation of the balloon after the contralateral leg is deployed here. In fact, there were 15 cases of AAA complicated by femoral and iliac artery occlusion, and the CTO lesions was the common iliac artery (CIA) for 3 cases, the CIA--EIA for 2 cases, the EIA for 7 cases, and the EIA--CFA for 1 case (mean occlusion length: 89.7±43.6 mm). Bifurcated stent graft was placed in 13 cases with a technical success rate of 86.7%. An AUI+F--F bypass was performed for the 2 cases of CIA--EIA and EIA occlusion for which the occlusion site could not be recanalized.^[@R15])^ For the initial case, peripheral embolization was observed when the balloon was dilated before sheath insertion and the thrombus had to be intraoperatively excised. No arterial damage or any other complications were noted and patency was achieved for any of the cases without reintervention (follow-up period: 17.2±17.7 months).^[@R15])^ While long-term outcomes remain unclear for these cases and careful follow-up observations are still required, we believe that using bifurcated stent grafts following iliac artery recanalization for concomitant AAA and CTO of access routes could become a standard technique if further advances are achieved in devices.

![Fig. 2 EVAR using bifurcated endoprosthesis with concomitant recanalization of iliac artery occlusion. Patient 5.5-cm abdominal aortic aneurysm and right EIA occlusion.](avd-12-1-ra.18-00163-figure02){#figure2}

EVAR for ruptured abdominal aortic aneurysm
-------------------------------------------

In 2000, Ohki et al.^[@R16])^ reported favorable results of EVAR performed for ruptured abdominal aortic aneurysm (RAAA), with an operative mortality rate of 10% (2/20 cases). After this report, many observational studies were conducted and in 2008, Mastracci et al.^[@R17])^ released a meta-analysis demonstrating a 21% mortality rate for EVAR. The IMPROVE trial, which was a typical large-scale RCT, indicated no superiority for EVAR in terms of 30-day mortality rate, which was 35% compared with 37% for OSR.^[@R18])^ At 3 years, the mortality rate was significantly lower for EVAR (42%) than for OSR (54%).^[@R19])^ Additionally, compared with OSR, EVAR resulted in higher quality of life, shorter duration of hospital stay, and decreased costs in addition to longer quality-adjusted life-year expectancy.^[@R19])^ The utility of a protocol designating EVAR as the first-line treatment has been previously reported.^[@R20],[@R21])^ At our institution, EVAR was designated as a first-line treatment for RAAA in November 2011. As of October 2017, we have performed EVAR for 38 RAAA cases (including 4 cases of cardiopulmonary arrest on arrival or in the emergency room). Indications for selecting EVAR are proximal neck length of minimum 10 mm and a proximal neck diameter of ≤32 mm, including some cases with proximal neck of \<10 mm. If a patient is considered eligible for EVAR, they are quickly transported to the hybrid operating theater and EVAR is immediately initiated under a condition that proximal aortic control is possible after inserting a 12--18-Fr sheath and stent graft balloon with femoral artery puncture under local anesthesia. Postoperative bleeding is a decisive factor in determining the success of EVAR for ruptured aneurysms, as a type Ia EL is fatal. Although 18 of our cases (47.3%) were proximal neck outside IFU patients, we avoided type Ia EL in all of these cases. Avoiding type Ia EL is an absolute requirement in the treatment of ruptured aneurysms with EVAR. A similar level of caution is also required not only for type Ib and III EL but also for type II EL in rupture cases. If massive bleeding causes coagulation hemostasis function to fail, persistent bleeding from the rupture hole can result in shock, even in type II EL cases. In some cases, expansion of retroperitoneal hematoma can cause abdominal compartment syndrome (ACS).^[@R22])^ Previous work has shown that injections of N-butyl-2-cyanoacrylate (NBCA) into the aneurysm are effective for preventing post-EVAR persistent bleeding, in such cases where massive bleeding has impaired coagulation function.^[@R23])^ At our institution, we perform intra-aneurysm embolization using NBCA for cases classified as Fitzgerald III preoperatively or in cases with unstable hemodynamics following stent graft placement ([**Fig. 3**](#figure3){ref-type="fig"}). In either case, computed tomography (CT) is used to postoperatively confirm that the rupture hole was reliably closed by NBCA, and it appears to be a beneficial technique for controlling persistent post-EVAR bleeding. However, indications require further investigations as it is associated with the risk of embolization as a complication. Moreover, ACS differs somewhat depending on the association with EVAR or OSR, primarily involving intestinal edema with OSR but mainly hematoma with EVAR. While the necessity of open abdominal treatment (OAT) for ACS is the same as that of OAT for OSR, if OAT is performed after EVAR, single-stage retroperitoneal incision should be avoided, and the procedure should only be considered after confirmation of no persistent bleeding and coagulation hemostasis has been rectified. In cases of severe ACS, the fact that type II EL is not apparent on pre-OAT arteriography must be considered.

![Fig. 3 Sac embolization in EVAR for ruptured AAA.](avd-12-1-ra.18-00163-figure03){#figure3}

The greatest advantage of EVAR is that treatment for RAAA can be performed within a short period of time. While it is clear that the operative time for EVAR is shorter than that for OSR, a protocol establishing EVAR as the first-line treatment could also promote a sense of urgency regarding the condition in each treating department to organize a coordinated in-hospital team system, thereby shortening the time to surgery initiation. While EVAR for RAAA involves specific challenges that are different from non-rupture cases, it is now possible to achieve favorable outcomes and high-quality life-saving if appropriate treatment is immediately implemented.

Long-Term Outcomes of EVAR and Issues for Improvement
=====================================================

RCTs of EVAR and OSR
--------------------

In previous literature, it has been reported that 4 RCTs have been implemented---EVAR-1, DREAM, OVER, and ACE.^[@R2]--[@R4],[@R24])^ In the EVAR-1, DREAM, and OVER reports, it was demonstrated that EVAR achieved a significantly low aneurysm-related mortality (ARM) rate in the early stages, indicating beneficial early outcomes.^[@R2]--[@R4])^ However, the EVAR-1 study found no significant difference in overall ARM (median follow-up period: 12.4 years), (EVAR vs. OSR: 8.9% vs. 7.2%, p=0.21). ARM was significantly lower in EVAR at 0--6 months (EVAR vs. OSR: 2.2% vs. 4.8%, p=0.0031). However, at 8 years, ARM was significantly lower in OSR (EVAR vs. OSR: 4.7% vs. 0.9%, p=0.006). The main reason of this was rupture ([**Fig. 4**](#figure4){ref-type="fig"}).^[@R2])^ Over the 12-year follow-up period in the DREAM trial, no significant differences were noted for the cumulative survival rate (EVAR vs. OSR: 38.5% vs. 42.2%, p=0.48) or ARM (EVAR vs. OSR: 4.8% vs. 7.4%, p=0.35). However, the reintervention avoidance rate was significantly higher for OSR (EVAR vs. OSR: 62.2% vs. 78.9%, p=0.01), indicating that more additional treatment was required for EVAR ([**Fig. 5**](#figure5){ref-type="fig"}).^[@R3])^ While the EVAR-1 and DREAM trials showed that far more reintervention was required for EVAR, the results of the OVER trial indicated no difference between the 2 procedures over a mean follow-up period of 5.2 years.^[@R4])^ Moreover, a meta-analysis compiling the results of these 4 RCTs (median follow-up period: 5.5 years) reported that while the 30-day ARM was significantly lower for EVAR, there was no difference for the next 3 years. From 3 years onward, the ARM was significantly increased for EVAR.^[@R25])^ Among our own cases, an analysis of 596 EVAR cases (including 38 rupture cases) that underwent CT from 3 months postoperatively (follow-up period: 28.0±20.9 months) indicated that the additional treatment avoidance rate was 99.0% at 1 year, 94.2% at 3 years, and 84.7% at 5 years ([**Fig. 5**](#figure5){ref-type="fig"}). In addition, aneurysm-related death occurred in the perioperative period in only 6 cases (1.0%), including 4 cases involving ruptures resulting in preoperative shock. When limited to cases involving elective surgery, aneurysm-related death was observed in 2 cases (0.4%). The aneurysm-related death avoidance rate, including preoperative rupture cases, was 99.2% at 1 year, 99.2% at 3 years, and 99.2% at 5 years ([**Fig. 4**](#figure4){ref-type="fig"}). As the follow-up period for our cases was shorter than the previously reported RCTs, we cannot reliably compare our long-term outcomes. Therefore, we showed a comparison of outcomes for our cases with EVAR-1^[@R2])^ and DREAM,^[@R3])^ for early outcomes over the first 0--6 months, which could be reliably compared ([**Table 1**](#table1){ref-type="table"}). Comparing our results and the reports from EVAR-1 and DREAM at 0--6 months postoperatively, our relative risk reduction (RRR) for ARM was 45.5% (vs. EVAR-1) and 71.4% (vs. DREAM), and RRR for reintervention was 83.2% (vs. EVAR-1) and 89.1% (vs. DREAM), indicating that early outcomes for our cases were clearly favorable. It is presumed that our superior results are indicative of the recent technological advances as we used the current, improved model in comparison to these previous RCTs which employed older generation models. As there remain differences in early outcomes, they will not necessarily lead to the same long-term outcomes as reported by previous RCTs. However, despite this, the ruptures reported in the EVAR-1 trial as having occurred after a fairly long period of time postoperatively^[@R2])^ indicates the importance of long-term follow-up, including diagnostic imaging. We have to keep in our mind these precepts when implementing such follow-up protocols.

![Fig. 4 Kaplan--Meier estimates for total survival and aneurysm-related survival in EVAR trial 1 (Patel R et al. Endovascular versus open repair of abdominal aortic aneurysm in 15-years' follow-up of the UK endovascular aneurysm repair trial 1 (EVAR trial 1): a randomised controlled trial. Lancet 2016. http://dx.doi.org/10.1016/S0140-6736(16)31135-7) and our study.](avd-12-1-ra.18-00163-figure04){#figure4}

![Fig. 5 Kaplan--Meier estimates of freedom from reintervention in DREAM trial (Van Schaik TG et al. Long-term survival and secondary procedures after open or endovascular repair of abdominal aortic aneurysms. J Vasc Surg 2017. http://dx.doi.org/10.1016/j.jvs.2017.05.122) and our study.](avd-12-1-ra.18-00163-figure05){#figure5}

###### Table 1 Early outcomes: EVAR-1, DREAM versus our study

  Outcome (0--6 months)        EVAR-1 (n=626)   DREAM (n=173)   Our study (n=596)
  ---------------------------- ---------------- --------------- -------------------
  Aneurysm related-mortality   14 (2.2%)        3 (3.5%)        6 (1.0%)
    Rupture before EVAR        5                0               4
    Rupture after EVAR         7                0               0
    Other                      2                3               2
  Reinterventions              67 (10.7%)       14 (16.5%)      11 (1.8%)

Response to type II EL
----------------------

The JACSM registry also indicates that type II EL is a risk factor for post-EVAR aneurysm expansion.^[@R1])^ Among our cases, type II EL was the most common reason for reintervention, accounting for 25%. Aneurysm expansion due to type II EL can result in various clinical courses; in cases with relatively short proximal and distal landings in particular, caution is required regarding further landing shortening due to vertical expansion. Among our cases, 2 of the 5 cases (0.8%) of type Ia EL and 2 of the 8 cases (1.3%) of type Ib EL that occurred during the follow-up period involved a secondary aneurysm expansion due to type II EL. Therefore, 30.7% of the type I EL cases were caused by type II EL. Accordingly, type II EL appears to be an important factor affecting long-term results of EVAR.

There have been many reports investigating type II EL risk factors. A meta-analysis showed that if non-smokers were excluded, most cases involved anatomical factors, including aortic side branches such as inferior mesenteric artery (IMA) and lumbar artery, or aneurysmal thrombus quantity.^[@R26],[@R27])^ We previously reported that in our cases, each independent risk factor was as follows: IMA of ≥3 mm, IMA patency with lumbar artery of ≥2 mm, or IMA patency with aortoiliac type.^[@R28])^ Many observational studies and meta-analyses have investigated pre-EVAR IMA embolization with the aim of inhibiting type II EL and have indicated that the procedure is fairly effective. However, these were all retrospective studies.^[@R29])^ We are currently conducting an RCT (UMIN000022147) to target type II EL high-risk cases with one of the above 3 risk factors and aim to determine whether IMA embolization during EVAR can inhibit type II EL.^[@R29])^ If a few slight adjustments are made, operative time, irradiation time, and contrast medium volume for IMA embolization during EVAR could be comparable with cases which do not undergo embolization, which is acceptable as an option during EVAR.^[@R30])^ We plan to discuss the utility of this procedure following the conclusion of the ongoing RCT. It is more difficult to treat the lumbar artery than the IMA, and there are various unresolved issues regarding the validity and methods for actual clinical application. Meanwhile, Nelix (Endologix, Santa Rosa, CA, USA), which is yet unapproved in Japan, involves a completely new concept called endovascular aneurysm sealing (EVAS), which has drawn interest from the viewpoint and goal of suppressing type II EL.

The treatment of type II EL remains controversial, with no fixed consensus regarding the necessity of interventional treatment, optimal timing, and/or choice in method. However, as type II EL affects long-term treatment outcomes, developing some sort of treatment strategy for high-risk cases determined based on accurate risk classifications is necessary to improve long-term outcomes.

Conclusion
==========

As the recent advances in EVAR, we focused on the technological advances in cases of hostile neck and poor access, as well as the treatment for RAAA. We also presented long-term outcomes from RCTs such as EVAR-1 and DREAM and countermeasures for type II EL as the related issues, together with the outcomes for cases in our own practice. Although the long-term outcomes reported in previous RCTs are suggestive of common problems, these are not necessarily related to the use of EVAR in Japan. This is likely because these RCTs were conducted using previous generation devices; steady advances have been made in EVAR technology since then. Despite this, these results are valuable as an important warning. In order to completely determine the benefits of less-invasive EVAR, both the devices and technology must evolve.
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